This chapter presents an application of multi-agent systems to simulate tsunami-triggered mass evacuations of large urban areas. The main objective is to quantitatively evaluate various strategies to accelerate evacuation in case of a tsunami with a short arrival time, taking most influential factors into account. Considering the large number of lives in fatal danger, instead of widely used simple agents in 1D networks, we use a high-resolution model of environment and complex agents so that wide range of influencing factors can be taken into account. A brief description of the multi-agent system is provided using a mathematical framework as means to easily and unambiguously refer to the main components of the system. The environment of the multi-agent system, which mimics the physical world of evacuees, is modelled as a hybrid of a high-resolution grid and a graph connecting traversable spaces. This hybrid of raster and vector data structures enables modelling large domain in a scalable manner. The agents, which mimic the heterogeneous crowd of evacuees, are composed of different combinations of basic constituent functions for modelling interaction with each other and environment, decision-making, etc. The results of tuning and validating of constituent functions for pedestrian-pedestrian, car-car and car-pedestrian interactions are presented. A scalable high-performance computing (HPC) extension to address the high-computational demand of complex agents and highresolution model of environment is briefly explained. Finally, demonstrative applications that highlight the need for including sub-meter details in the environment, different modes of evacuation and behavioural differences are presented.
Introduction
There are several advantages of applying multi-agent systems to study mass evacuations like those triggered by mega tsunamis. Undoubtedly, the widely used simple methods like 1D-networks and queue models for simulating mass evacuation are quite useful in disaster mitigation efforts. However, they have many limitations. Considering the number of human lives in fatal danger, it is of great interest to use more sophisticated models which are close-to-reality models of environments and agents which can mimic evacuees' behaviours of significance. Unlike widely used 1D-networks or queues, multi-agent systems provide a great flexibility in the level of sophistication and allow one to gradually develop a close-to-reality model.
Details of a multi-agent system developed for simulating tsunami-triggered mass evacuation in large coastal regions are presented in this chapter. The multi-agent system is developed with the aim of including a sub-meter resolution model of the environment including the interior of buildings, dynamic changes in the environment, etc., and agents capable of perceiving this environment as evacuees do and mimic evacuees' behaviours of significance. It is essential to utilize high-performance computing (HPC) resources like computer clusters to meet the significantly high-computational demand of such multi-agent systems. A scalable HPC extension is included in the developed system so that an area of several hundreds of square kilometres with millions of agents can be simulated. The amount of computations involved should not be a great concern in developing such multi-agent systems. The rapid progress of HPC technologies will enable one to do sophisticated and large scale simulations on a workstation class computer, within few decades.
The rest of the chapter is structured as follows. Section 2 discusses a mathematical framework for the specification of multi-agent systems. Section 3 details the multi-agent system including the evacuee modelling features and the techniques for efficient modelling of environments. Parallel computing extension to efficiently utilize HPC resources is briefly presented in Section 4. Section 5 presents the validation of the model. Finally, Section 6 provides demonstrative examples showing the necessity of such models.
Framework
The multi-agent system is specified using a mathematical framework adapted from the field of dynamical systems, see [1] for further details. This section provides generic definitions for an agent, agent's local system, and the multi-agent system as a dynamical system. The purpose of this section is to provide a clear language to refer to the different parts and properties of the system. Let the ith agent, a i , be defined as a collection a i = {s i , f i }, where s i represents the agent's state and f i its local update function. The local update function f i encompasses all the possible actions, interactions, behaviours and thought processes an agent can exhibit. On a system with n agents, the set of all agents is given by A = {a i | i = 1, ⋯, n}. 
In addition to the agents' actions, the changes in the environment due to natural causes like earthquakes, tsunami, etc. are modelled by applying environment update functions Λ = {λ j | j = 1, …, m} in appropriate order.
The multi-agent system is conceptualized as a parallel discrete dynamical system. In this system next state is independent of the order of execution of the agents, and only depends on the former state. Temporary copies of the agent states are used to preserve the properties of the parallel dynamical system. The time evolution of the whole system is defined by updating of the environment followed by updating of all the n number of agents, as follows.
The multi-agent system
As customary to most multi-agent systems, an agent system for evacuation simulation is also composed of two main components: agents and environment. The agents model the evacuees, while the environment provides the physical context in which the evacuation happens. This section provides an overview on the models of agents and environment.
Agents
Agents are composed by combining elementary functions that enable them to perceive their visible surroundings, take decisions based on their previous knowledge and current experiences, navigate in dynamically changing environment updating their memory, etc. The logic to model evacuees' possible actions, interactions, behaviours, thought processes, etc. is embedded in the agent's local update function f i . Local update functions, f i , are built through the composition of basic constituent functions g
These constituent functions include elementary functions that enable agents to perceive their visible surroundings, take decisions based on their previous knowledge and current experiences, navigate in dynamically changing environment updating their memory, etc. Brief descriptions of some of the implemented constituent functions are given below. 
Specialized agent types-a τ
The functionality provided by the different constituent functions can be separated into three main groups pertaining to human actions; see, think and act. See contains constitutive functions related to the acquisition of the information of the surroundings, think provides functions related to the cognition and decision-making, and finally act executes the decisions, actions and interactions chosen by the agent. Different behavioural models are created by specializing think with different constituent functions. As the focus of the evacuation simulator is on the evacuees' movement, the main way of interaction happens through the collision avoidance.
To exemplify different modes of evacuation and behavioural models this chapter demonstrates the usability of the simulator using cars and pedestrians. Pedestrians are further subdivided in residents, visitors all of them provided with different information, and abilities.
Residents agents are used to model people familiar with the surroundings. They are able to use their knowledge to plan their path to the nearest evacuation area. Figure 1 Visitor agents are used to model people unfamiliar with their surroundings. They navigate using the information they acquire through their vision and the experiences they collect while evacuating. They perceive the details of the surroundings with g eye and g identify_env . They seek a visible safe place like high grounds or follow other evacuees using g follow_an_agent in order to evacuate. Visitors can dynamically build their own mental maps as they explore the area and collect experiences.
Other agent types such as official agents that model figures of authority such as law enforcement, event staff, etc. are implemented. Their role is to help in the evacuation of other agents.
They possess full information of the state of the environment and are assumed to be able to communicate with each other and collectively plan their actions.
Cars model a different mode of evacuation. They differ from pedestrians in the way they navigate and avoid collisions with each other and the pedestrians. While pedestrians are able to use the walkways or roads, cars movements are restricted to the road lanes. Cars are able to identify intersections. Due to the complexity of the intersections a simple queue model is used to model the effect of the intersections. Cars are able to recognize multi and single road lanes and use them accordingly. Cars are have access to the information of the environment and are able to plan their paths accordingly.
Environment-E
The environment provides the physical context in which the evacuation is happening. Formally the active environment is given by the union of all local neighbourhoods, E
Although, E* ⊂ E, for practical purposes they will be referred without distinction. Agents move in a continuous 2D space defined by walkable areas and roads. A hybrid model of environment consisting of raster and vector data is used to include the details of the physical environment and restrict the agents' movements, see Figure 2 . Details of the empty spaces, obstacles, inundated areas and safe evacuation areas are provided by a grid, currently using resolutions of 1 m × 1 m cells. Agents are able to perceive these details visually and incorporate information such as blocked paths to their experiences. The topological abstraction of the traversable spaces is represented with a graph. This graph is static and represents the agent's knowledge of the undamaged domain before the start of the evacuation. The use of raster and vector data enable the efficient representation of details (grid) and efficient execution of cognitive tasks involving past experiences (graph). As an example, in large domains of several square kilometres, path planning on the graph is several orders of magnitudes faster compared to that of grid. In contrast to other large scale evacuation simulators the environment provides perceivable information and obstacles, but it does not provide an explicit constraint on the movement based on the model resolution. For example, different cell sizes, or graph connectivity can provide more or less information but do not explicitly constrain the movement of the agents in contrast to cellular automata models, graph and queuing models commonly used in other large scale evacuation simulators.
Changes in the environment, λ j , are included by coupling the evacuation simulator with other simulators. λ earthquake , includes damage models based on the results of a seismic response analysis tool. Figure 3 provides a sketch of the integration with the seismic response analysis and the evacuation simulator. Additionally, λ tsunami , provides information about the state of the inundated spaces due to tsunami. This information is provided by a tsunami inundation simulator with updates in 10 min intervals, see Figure 4 .
Validating the model
One of the major challenges for the simulation of evacuations is providing confidence in the model. It has to be shown that the model is able to capture the essential characteristics of the evacuation (validation) and that the results are due to the emergence from those characteristics and not the result of an artefact in the simulation (verification). The validation of evacuation simulators is an area that requires further study and more and better techniques to provide the desired confidence.
This section provides an overview about the ongoing validation process. This first stage on validating the model is based on tuning the agents' interactions, specifically their collision avoidance with field observations and showing that after the tuning process the agents are capable to reproduce these observed results. This section is intended to provide a general idea of the validation process, for details on the parameters governing the interactions and the resulting values from the tuning process please refer to Ref. [3] .
The pedestrian-pedestrian interaction is validated by re-enacting observations in [4] in the simulator. Monte Carlo simulations are performed varying the initial pedestrian densities and obtaining 100 samples for each in a one directional pedestrian flow. Figure 5 shows the results of comparing the simulations results (whisker box plots with outliers) with the regression over the data [4] .
A similar procedure is performed with the car agents, their characteristics are tuned with data obtained in field observations in the Lincoln tunnel [5] and the results are plotted against these observations, see Figure 6 .
Finally, the interactions between cars and pedestrians are validated. For these observations of cars and pedestrians interactions in Tokyo are recorded using a camera and quantified by hand frame by frame. These observations involved cars moving through crowds of pedestrians. The quantities are the cumulative amount of pedestrians in a square region in front of the car and the time it took the car to cross the study area, dividing the study area length by this time is what is referenced as the average flux speed. Figure 7 shows the results of the tuning of parameters and the comparison of the simulation results with the field observations. 
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Further parts of the evacuation simulator should be validated and verified, for example, reproducing macroscopic fundamental diagrams extracted from mobility data from cell phones.
Parallel computing extension
As the simulator possess the ability to model and evaluate a large number complex and heterogeneous evacuees in environments with sub-meter details the resulting high-computational load needs to be considered. The evacuation simulator takes advantage of highperformance computing (HPC) infrastructure consisting of computing nodes containing several CPU cores sharing memory within a node. These nodes are interconnected through a high-speed network.
To take advantage of the HPC infrastructure the simulation needs to be segmented in smaller pieces that can be dealt by individual computing nodes. For this purpose the environment, E, gets divided into rectangles and the information about the evacuees currently in that area is what is henceforth referred as a partition of the domain.
Hybrid parallelism using Message Passing Interface (MPI) and Open Multi-Processing (OpenMP) is used to create the parallel framework [6] . MPI messages are used to communicate the information between computing nodes and OpenMP is used to thread parallelize the execution of the agents within a partition considering each agent's execution a task. A run-time weighted 2D-tree-based domain decomposition is used for determining the partitions in the domain, see Figure 8 . The use of a runtime weighted KD-tree for the domain decomposition allows assigning approximately a similar execution load to each partition. The partitions are provided with a ghost layer around it that keeps track of agents in neighbouring partitions, this to ensure continuity and consistency in the simulations. The communication overhead is amortized by executing the agents whose information need to be exchanged first and overlap the communication with the execution of the agents whose information does not need to be exchanged [7] . Time
Intra and internode scalability is measured separately to evaluate how it degrades and where are the highest chances of improvement. Intra node scalability measures how the thread-parallel part (OpenMP) of the implementation degrades as the tasks of executing an agent are shared among a larger number of threads. The inter node scalability shows the performance of using flat-MPI as the number of processes (and partitions) increases. The intra-node scalability is tested using 100,000 agents in Kochi City area for 4000 timesteps. Measures for intra-node scalability are taken using a single node in The University of Tokyo's FX10 system, 16-core SPARC64 IXfx processor with 32 GB of RAM in the computing node. The inter node scalability is tested using 2 million agents in an 81 km 2 area of Tokyo for 400 time-steps using RIKEN's K computer, 8-core SPARC64 VIIIfx processor with 16 GB of RAM per computing node using flat MPI. 
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Demonstrative examples
This section demonstrates the usage of the mass evacuation simulator it emphasizes the need of incorporating fine level details and mixed mode evacuations. For a proof of concept demonstration on the use of the evacuation simulator in an automatic evacuation management system see [8] . Some of the selected hypothetical scenarios demand a detailed model of environment, use of all available traversable area and complex agent functions, like the detection of blocked paths, navigation, etc. The ability to incorporate complex models of agents and details in the environment highlights the advantages over the simplified 1-D models.
The purpose of these demonstrations is to show the capabilities of the simulator, they are not intended to provide reliable results. Providing reliable results would require a group of experts of different fields building and evaluating the behavioural models and assumptions about the evacuation.
The demonstrations are separated into two groups: pedestrian only and multi modal evacuation (pedestrian and cars). The robustness and variability of the scenarios in each category is evaluated through Monte Carlo simulations and converged results are provided for the relevant scenarios.
Pedestrian only scenarios
This section presents scenarios involving pedestrian only evacuations where changes in the environment, different evacuation behaviours and mitigation measures are tested to highlight the need of detailed modelling in mass evacuations and demonstrate the capability of the software to evaluate scenarios in a quantitative manner. First evacuation during daytime is evaluated, then evacuation during night time and finally night time evacuation during a special event are contrasted.
Common settings
For the pedestrian only demonstrations, a coastal city located in the southern part of Honshu island of Japan is considered. This city was chosen as it has suffered from several historical tsunamis. The domain considered is 9.6 × 5.4 km 2 , in a 1 m × 1 m resolution grid, see Figure 11 . An evacuation involving 57,000 persons is assumed. The evacuees are divided into two age groups, below and above 50 years, and their properties are set according to Table 1 . Regions with an elevation above 30 m, shown in green, are considered as the safe evacuation areas. Evacuation to nearby tall buildings is not considered since only a few tall buildings are available in this coastal city. All the areas not occupied by buildings or water bodies are considered traversable.
The earthquake induced damages, λ earthquake , in the region are estimated using a physics based seismic response analysis simulator [9] , with the strong ground motion of 1995 Kobe earthquake. The damage state of buildings are evaluated based on a simple standard criterion used in earthquake engineering; buildings are considered to be damaged if the inter-story drift angle is larger than 0.005 [10] . The occupied area is increased by 40% of the building height Pre-evacuation time mean (s) 1000 1000
Pre-evacuation time S.D. (s) 600 600 Table 1 . Properties of the two age groups of agents for the pedestrian only scenarios.
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Monte Carlo simulations
The results of simulations have a certain degree of uncertainty due to the presence of various random variables. In order to improve the reliability of the simulation results, taking the effects of these uncertainties into account, Monte Carlo simulations are conducted. The only random variables considered in the present simulations are the distribution of evacuees and their speeds.
To decide a sufficient number of simulations required for each Monte Carlo simulation, 1000 (=N) sets of evacuation simulations are conducted, and the convergence of standard deviation of an influential quantity with respect to the number of simulations n, 1 < n ≤ N, is analyzed. As for the settings, the 1000 simulations are composed of randomly generated agents' initial locations and speeds, while the scenario considered is evacuation to high grounds in the absence of earthquake disaster or tsunami inundation.
The standard deviation of the total number of agents evacuated after 40 min is considered as the influencing factor, in deciding the necessary number of simulations per Monte Carlo simulation, since total number of agents evacuated is one of the influential quantities. As shown in Figure 12 , the standard deviation of the total number of people evacuated at 40 min converges (i.e. has negligibly low variation) for n > 400. In addition to the fore-mentioned global measure, statistical data of number of agents evacuated at each 30 s interval are compared as a local measure. Figure 13 shows the mean number of agents evacuated at each 30 s interval, for the two cases with n = 1000 and n = 400. As is seen, both the cases have nearly identical mean values and standard deviations. Since both of above considered global and local measures have converged when n > 400, 400 is set to be the sufficient number of simulations for the convergence of Monte Carlo simulations. The value of sufficient n, depends on the number and the nature of the random variables considered, and the real applications may require a larger value.
Day time evacuation during an ordinary day
Under day time evacuation, four scenarios are considered; without any damages to the environment, with earthquake disaster; with tsunami inundation; and with both the earthquake damages and tsunami inundation. For all these cases, the 57,000 resident agents are considered, while they are positioned within 20 m proximity of buildings initially. Figure 14 shows the time histories of cumulative number of agents evacuated for each of the four scenarios. As is seen, both the earthquake damages and tsunami inundation reduces the number of evacuees almost by the same amount. The effect of the tsunami inundation is mostly attributed to the inundation of a few critical bridges in the study area. Comparing the effect of manually blocking these bridges with the effect of the tsunami inundation shows similar results, see Figure 15 .
However, while the effects of earthquake damages start to appear at early stages, the effect of tsunami inundation appears after 20 min; as the tsunami arrival time is 15 min.
Night time evacuation in an ordinary day
Due to various factors like low lighting conditions, being tired, sleepy, etc., evacuees tends to have different behaviours in night time evacuations, compared to those of day time; late to start evacuation, have slower walking speeds, may seek for safer routes, etc. The scenarios considered here aim to model mainly the effects of lower visibility and the tendency to take safer roads.
It is assumed to be a full moon light and the earthquake has damaged the environment causing a complete power failure. Accordingly, agents' maximum sight distance is reduced to 15 m [13] . Due to the lack of information on the effect of lighting condition on the walking speed, the walking speed of the two groups of agents are set according to Table 2 [14] . The lower visibility not only lowers the walking speed, but also makes it slow the identifying of blocked roads; require making close examinations to confirm their paths are blocked.
When evacuating right after an earthquake, like the present scenario, people tend to take paths with longer stretches of wider roads to lower the probability of encountering blocked roads, depending on the intensity of ground shaking they experienced. The standard path planning algorithms like Dijkstra algorithm allow the use of strong constraints like the minimum width of a road, etc. However, the present scenario requires weaker constraint to find paths with longer stretches of wider roads as far as possible, while strictly satisfying strong constraints on total time or/and distance. As an example, an evacuee may prefer to take wider roads or avoid narrow roads as far as possible, and while ensuring to reach a safe place before the tsunami arrives. In order include such weak constraints, the standard Dijkstra algorithm is slightly modified [1] by introducing two distance measures; the actual distance, and a perceived distance. When estimating the perceived distance, the roads wider than the preferred width are reduced in length according to the level of preference. Figure 16 compares the ordinary day time evacuation with that of night time with and without the effects of earthquake and tsunami. As is seen, there is nearly 30% reduction in number of evacuees between the day and night scenarios without earthquake and tsunami effects. The damages in the environment further reduce the number of evacuees by almost 8%, at the end of 40 min. These results highlight the ability of the developed system to take different influencing factors like lighting conditions and the preference of safer roads. 
Night time evacuation during festival occasion
This scenario involving large number of visitors further emphasizes the need of detailed model of environment and complex agent functions, while those are necessary even for the former scenarios. The visitors are assumed to have no knowledge of the environment, and following others, with g find_a_followee and g follow_an_agent , is their only way of reaching a safe place. That makes their visibility, which requires both detailed model of environment and complex agents, crucially important for the survival of visitors.
Just as in the previous night time evacuation scenario, it is assumed to be a full moon night, an earthquake has damaged the environment causing a power failure, and a tsunami is expected to arrive in 15 min. 18,000 visitors and 18,000 residents are assumed to be participating in the festival, which takes place in a 14 km 2 rectangular area shown in Figure 17 . Agents participating the festival are distributed across the streets and open spaces, while another 39,000 residents are distributed over the whole domain. With full moon, 0.2 lx of lighting and 15 m sight distance are assumed, as in the former scenario. Another scenario with 30 m visibility is considered, in order to explore the mitigation measures of installing emergency lighting of 15 lx [14] at 30 m spacing which is equal to common street lighting. Maximum speeds of agents under these lighting conditions are set according to Table 2 . Further, it is assumed that evacuees prefer to take safer paths, as in the previous scenario. Figure 18 presents the results under the two lighting conditions considered. As seen, the low lighting conditions have significantly reduced the number of agents evacuated, compared that of an ordinary day. Further, it is observed that providing lighting of 15 lx significantly enhances the ability of the visitor agents to locate and follow others. An additional scenario with moon lighting without the earthquake induced damages is simulated to further explore the effect of lighting conditions. As seen in Figure 18 , for this specific setting, the influence of lighting conditions is significantly higher than the earthquake induced damages.
Multi-modal evacuation with pedestrians and cars
In order to demonstrate the ability to perform large scale urban area evacuation simulations with sub-meter details considering the effect of car-pedestrian interactions a fictitious tsunami-triggered evacuation in a coastal city of Japan is simulated. The effect of different strategies and mitigation measures are evaluated. The aim of this section is not to provide specific results to a real case scenario but to highlight the possibilities enabled by the introduction of mixed mode evacuation and interactions to the evacuation model.
Setting
The fictional setting is a 6 × 6.5 km 2 area of a coastal city in Japan, see Figure 19 . 40,000 evacuees are considered with the properties shown in Table 3 . The tsunami arrival time is assumed to be 40 min as observed during the 2011 Great East Japan Earthquake and Tsunami which struck that region. The pre-evacuation time, the time it takes for an evacuee to start evacuating after the first earthquake shock, is assumed to follow a normal distribution. 
Multi-agent Systems 86
The mean and standard deviation for this pre-evacuation time for pedestrians is obtained from literature [15] . A significant fraction of the population in this area is elderly, hence, the population is divided into two groups each constituting half of the population; pedestrians fast representing young people, and pedestrians slow representing elder people. The speed of each of each group is assumed to follow a normal distribution. Each vehicle is considered to carry two evacuees, representing a pessimistic usage of vehicles. Evacuees plan their evacuation route to the nearest evacuation areas.
Monte Carlo simulations
The instantiation of the synthetic population involves the initialization of random variables according to a given probability density function, for example, speed, pre-evacuation time, position in the domain. This allows to consider some of the uncertainties involved in real life. By relying on the law of large numbers, with a sufficient number of results, a stable average outcome can be provided. Furthermore, with an estimate of the results distribution, the robustness of the results of different scenarios can be compared. Pre-evacuation time mean (s) 900 900 900
Pre-evacuation time S.D. (s) 300 300 300 Table 3 . Properties of the synthetic population used for the mixed mode evacuation scenarios. After about 600 simulations the standard deviation has already converged this contrasts with the pedestrian only simulations where convergence was achieved after 400 simulations, see Figure 12 . Figure 21 shows the mean and the standard deviation of the results of the cumulative number of agents evacuated with 1000 Monte Carlo simulations. The zoomed in box on the upper right corner shows a standard deviation of 0.42% in the throughput after 40 min, and in the lower right corner 0.29% after 25 min. Additionally, Figure 22 shows the convergence of a more sensitive measure, the number of agents evacuated at each 10 s interval. The rest of the graphs present a single simulation result or the mean of 100 simulations; 600 simulations are not conducted for each scenario to reduce the computational resources used for this demonstration.
Indiscriminate use of cars
The first set of simulations explore a scenario where anyone, irrespective of their physical abilities, is allowed to use vehicles. Figure 23 , compares the evacuation throughput with different percentages of evacuees using cars. It can be observed that as the percentage of evacuees using cars increases the total throughput after 40 min of evacuation decreases. There is an initial boost in the evacuation throughput especially during the first 25 min of evacuation.
Closer inspection shows the emergence of car queues along the roads connecting to some evacuation areas. This is considered the main reason for the throughput decrease.
People in need restriction
In order to evaluate the effect of selective usage of cars a scenario where only people in need are allowed to use cars is evaluated. People in need are defined as the evacuees having the slowest evacuation speed in the synthetic population.
The results obtained by restricting the use of cars can be seen in Figure 24 . It can be seen that by applying this restriction an improvement in the total evacuation throughput of about 7% over the base scenario is achieved. Additionally, higher percentages up to 50% of the population can use cars without a significant impact in the total evacuation throughput. Moreover, it can be observed that the queue emergence remains as a problem. 
Concluding remarks
This chapter provides a generic mathematical framework usable for the specification of other agent based systems providing a needed common language for comparison between models. The techniques and results of tuning the agents' interaction parameters are shown, showing the constrained validity of the model but also providing a data driven future for modelling agent's interactions. The results of scalability measures showing intra node strong scalability up to 8 threads and inter node strong scalability up to 2048 processes are shown. The techniques used for the domain decomposition and load balancing are generic enough to be easily extrapolated to other agent based systems. Finally, the demonstrative applications of the simulator show a usage case where the detailed models of environment and the detail of interactions are not only convenient but a necessity, highlighting the need of multi-agent systems considering the micro level interactions and details.
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